Polycyclic aromatic hydrocarbons (PAHs) originating from natural sources, and potentially from the Athabasca Oil Sands development, are of concern for the Athabasca River and Lake Athabasca delta ecosystems. In order to model the transport of fine sediments (and associated PAHs), it is important to describe the sediment dynamics within the river system. Flocs possess different settling characteristics compared to individual particles. A key aspect in modelling floc settling behaviour is the mathematical linkage of the floc density to floc size. In this paper, a rotating annular flume is used to determine the settling characteristics of Muskeg River (a tributary of the Athabasca River) sediments under different shear conditions. Simulations of the settling and flocculation behaviour of these sediments were used to calibrate a density vs. floc size model. A relationship of the parameters relating floc size and density with the fractal dimension F shows that as diameter increases flocs become weaker. Recommendations for the practical application of the model are further formulated in this paper. The deposition tests offer a quantitative measure of the relative amount of sediment that is likely to be transported through the river for given flow conditions.
INTRODUCTION
The Athabasca River drains an area of approximately 138,000 km 2 and flows nearly 1,400 km from its headwaters in the Glacier National Park to the Peace-Athabasca Delta and Lake Athabasca. The Athabasca River system includes a total of 94 rivers, over 150 named creeks, numerous unnamed creeks and 153 lakes (Kellerhals et al. ) . there are six additional projects approved covering 454.1 km 2 (31% of the area) and two more planned covering 138 km 2 (9.3% of the basin area). In the not too distant future, almost half of the basin area will be disturbed by oil sands development.
The mobilisation, transport and fate of polycyclic aromatic hydrocarbons (PAHs) is primarily controlled by the sediment dynamics within the river basin as these hydrophobic compounds favour adsorption to high surface area to volume cohesive sediment particles. As it is well known that cohesive sediments will flocculate together to form larger particles (flocs) and that these are generally the dominant form of sediment transported in suspension (Droppo ; Jarvis et al. ), the structure of the floc will play a large role in the dynamics of the sediment within the system. Flocs are composed of an active biological component (primarily bacteria, although at times other organisms can be incorporated), a nonviable biological component (e.g. detritus, extracellular polymeric substances (EPS)), inorganic particles (e.g. clay particles) and water held within or flowing through pores (Droppo ;
Williams et al. ). The effect of flocculation is to increase the downward flux of sediment within the system. The relative magnitude of this flux is controlled primarily by floc size, porosity and density. Of these three factors, the dominant one will often be size; however density, which is autocorrelated to porosity, can also influence the settling velocity of the flocs and therefore associated PAHs (Droppo ). As flocs increase in size their density decreases due to an increase in porosity with a resultant drop in settling velocity. Density can have a significant influence on floc settling, only if there is a large range in density with floc size. Often the range in floc density over a sample population can be small and close to that of water (Droppo et al. ) .
The majority of models formulated to define the relationship between floc density and floc size are valid for limited experimental conditions (Zahid & Ganczarczyk ; Andreadakis ). For example, Andreadakis () proposed the following equation for the floc density (ρ s )
for a dried sludge with a density of 1,340 kg/m 3 :
where D is the floc diameter.
Zahid & Ganczarczyk () proposed Equation (2) for a kaolin-polymer aggregate of a perfect sphere:
Gregory () states that buoyant floc density plotted against floc size presents a relationship of the form
where B and C are constants and the exponent C is related to the fractal dimension F (F ¼ 3-C ). The value of C was shown experimentally to vary between 1 and 1.4, which corresponds to F values between 2 and 1.6, reducing the uncertainty in the definition of F. The lower the value of F the less compact is the floc.
Other authors have also tried to extend the validity of these models based on fractal dimensions ( 
where D 50 is the median diameter of the mixture and ρ p is the density of the parent material.
They found that F is a function of particle diameter. This research also shows that F is a function of shear rate. the fractal dimension is shear-dependent, increasing from 1.7 at zero shear rate to about 2.2 at a shear rate of 200 s À1 .
In order to develop models of pollutant transport in the Athabasca River, the transport behaviour of flocculated sediment needs to be defined in relation to the structural properties that influence their dynamics within the river.
The objective of this paper is to investigate, using an annular flume and a numerical model, the density vs. size relationship as it pertains to the deposition process of the finegrained sediment. Integration of the floc deposition process into models will enable water resource managers to predict the fate of potentially pollution-laden cohesive sediments.
METHODS

Sediment sample collection and preparation
Recently deposited bed sediment samples were collected (). Sediment-water samples were analysed for the concentration of SS by a gravimetric method, which consisted of filtering the sample on Millipore™ 0.45 μm filters, and drying for 1 h at 100 W C and weighing the residue.
Numerical model simulation
The numerical model developed by Krishnappan & Marsalek () was used to describe the behaviour of sediment particles, in which their motion is considered in two stages: (1) a settling stage and (2) a flocculation stage.
These stages were assumed to occur alternately during each time step of modelling. The settling stage is analysed using a one-dimensional unsteady advection-diffusion equation:
where C k is the volumetric concentration of sediment of the kth size fraction and w k is the fall velocity of that fraction, ζ is the turbulent diffusion coefficient, t is the time and z is the vertical distance from the water surface. Equation (5) expresses the balance between the settling flux (w k C k ) and 
where ρ and ρ p are the densities of water and parent material forming the floc in kg/m 3 , D is in microns, and b and c are empirical coefficients. These coefficients are dependent on the type of sediment and, as will be discussed later, also depend on the shear stress applied.
Using Equation (6) and the Stokes equation, the following relationship for the settling velocity is obtained:
where ν is the kinematic viscosity of water, D 1k and D 2k are the mean floc diameter of the kth fraction expressed respectively in m and in microns.
In this paper we extend the application of Equation (6) to Muskeg River sediments with parameters b and c defined through the calibration of the model with the experimental results in order to assist in the determination of sediment and PAH fate within the Athabasca River system.
RESULTS AND DISCUSSION
Experimental interpretation
Flocs remaining in suspension were typically irregular in shape with high porosity and water content (Figure 3 ).
While no higher resolution microscopy was performed for our deposition experiments, subsequent erosion experiments of the same sediment (Garcia-Aragon et al. )
were assessed with confocal scanning laser microscopy and transmission electron microscopy. This imaging illustrated the prevalence of the microbial community and their production of EPS, forming a structural network of pores within the flocs with significant capacity to retain water and reduce floc density. Sediment dynamics within the Muskeg River can also be inferred when assessing changes in SS particle size. This may be an artefact of some edge effects and is not believed to be due to flocculation at this high shear. Figure 7 and Table 1 (Equation (4)) and Equation (6) used in this research. The following relationship between F and the parameters b and c is obtained:
Modeling interpretation
Using the experimental values of b and c and the average particle size in each experiment (each shear rate), The model used for the settling velocity in this paper (Equation (7)) shows the effect of shear stress on settling velocity and that for particles larger than 50 μm settling velocity is almost zero for high shears (Figure 10 ). This fact helps explain the steady state concentration shown in and c as defined in Table 1 for each shear level. 
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